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Abstract 


•	 The significant potential of quantum information applications has been a real driver of single-photon source and detector 
development with sources based on phenomena ranging from nonlinear optics, to single isolated quantum systems, to 
atomic ensembles. Detector development is being pushed through semiconductor engineering, electronic control, signal 
processing, and new cryogenic-based schemes that provide high speed and photon-number-resolving capability. These 
schemes, as well as numerous others, are pushing the single-photon capability far beyond what has been possible in the 
past. 

•	 The potential of this new capability has not gone unnoticed in the measurement community for new and higher accuracy 
measurement and metrology applications. Measurement applications that take advantage of nonclassical photon sources 
and detectors include Heisenberg-limited interferometry where n-photon states and n-photon detection can provide 
enhanced resolution and sensitivity relative to their classical counterparts, and other schemes that may even go beyond 
Heisenberg-limited interferometry. In the field of metrology there has been much interest in how to use this developing 
single-photon technology to push beyond existing limits of radiometry, which is currently the metrology field with the least 
accurately determined fundamental standards and the ties to measurements out of a metrology laboratory are also much 
poorer accuracy than such measurements tied to other standards. Given this current state of radiometric measurements and 
the rapid pace of the single-photon field there is a hope that these single-photon tools will provide a path toward much better 
radiometric measurements. 

•	 One of the bases of this hope is that single-photon detectors and sources may provide a way to turn present analog 
radiometric measurements into a counting problem, which typically offers terrific measurement accuracy. That is for 
example, if a source can be created to provide a large but countable number of photons, or if a detector could count a similar 
number of photons, then currently analog measurements, become digital. While such capability should certainly be expected 
to provide advances in radiometry, there are issues that must be addressed. In particular this includes the efficiency with 
which such sources and detectors can be made to operate. This problem is one of the most difficult issues in this field and is 
the same issue that is largely responsible for existing radiometry measurement issues. Only time will tell whether this and 
other relevant issues can be successfully addressed, but given the significant advances and potential of single-photon 
devices it is a worthwhile pursuit and likely to provide many beneficial spinoffs on the road to that long term goal. We discuss 
the possibilities our hopes and concerns. 



 

 

 

 

 

 

 
 
 

Outline 


Problem: N-photon state metrology 
How well we do with single photons 
Then moving on to multi-photons 

• Single Photon Tools 

• Radiometry 

• Existing Standards- wholesale 

• Radiometry is hard 

• Single Photon Radiometry- retail 

• Pushing the limits of Single Photon Tools 
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Single Photon Detectors 

η >50% 
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Detectors 
RSI Source & Detector Review 82, 071101 (2011) 
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Single Photons to Conventional Radiometry 


Dynamic Range Efforts
 



 

 

 

 

 

 

Single Photon Metrology at SWP 2011 


•	 Gerrits: Extending Single-Photon Optimized Superconducting Transition 
Edge Sensors Beyond the Single-Photon Counting Regime 

•	 Smith: Quantum-enhanced metrology in the real world: Losses, 
decoherence, and noise make life on the quantum edge challenging 

•	 Müller: Towards Traceable Calibration of Single Photon Detectors Using 
Synchrotron Radiation 

•	 Rastello: Metrology Towards Quantum-Based Photon Standards 

•	 Porrovecchio: A transfer standard for the low power / few photon regime – 
the trap detector plus switched integrator amplifier 

•	 Schmunk: Relative detection efficiency calibration of single photon 
avalanche photo detectors using non-classical light 



Dynamic Range Effort 


Traceability for single-photon sources  

The development of highly efficient quantum light sources at the 
single photon level and the development of entanglement assisted 
measurement techniques would enable classical measurement limits 
to be overcome. These  new traceable photon sources will 
underpin the growth of several emerging  technologies, such as 
optical devices for quantum communication, computing, 
microscopy, nanosciences,  nanofabrication and other new 
production technologies, as well as fundamental metrology.  

EMRP Call 2011 - Health, SI Broader Scope & New Technologies  



 

  
 

 

Objectives: 
Traceability for single-photon sources 

The JRP  shall focus on the traceable measurement and characterisation 
of source-based standards for photon metrology spanning the range 
1 photon/s to 108 photons/s. 

The specific objectives are: 

1. To develop absolute and calculable single photon sources with  
high dynamic range at both telecom and visible wavelengths. 

2. To develop efficient single photon sources, to support for SI traceable 
         photon radiometry.  
3. 	To develop quantum optical state sources for entanglement enhanced 

measurements. 
4. 	To develop optimised photon-coupling strategies and methods between 
         source and detector.   

The sources developed in objectives 1-3, should be characterised for photon 
flux, and by appropriate metrics in terms of statistics, anti-bunching, 
indistinguishability,  degree of entanglement and sub-shot-noise as 
required by the application. 

EMRP Call 2011 - Health, SI Broader Scope & New Technologies 



 

    
 
  

 

Radiometric Standards
 

Sources Detectors 


Blackbody 

Synchrotron 

B-field 
e -

B-field, current, energy Radiance 

T 
Temperature Radiance 

Trap: Radiometer 
Electrical Substitution 

Trap:  
Semiconductor 

Radiant power 

Radiant power 

Single Photons? 




 
 

The Issue 
From best detector-based uncertainties and single photons: 

• 15 order-of-magnitude range: Cryo-radiometry to Single Photon 
• Standards are inherently not photon-counting 

Cryogenic Radiometer -4 World’s best radiometry 
For λ = 1 µm photons minimum Uncert ~0.01% @ 0.1 mW-6
E=2x10-19 J 
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Radiometry Electrical Substitution Radiometry 
High-Accuracy Laser 
Cryogenic Optimized 
Radiometer Cryogenic
1980s Radiometer 

1990s 

From NIST Technical Note 1421, A. Parr 

Optical Power = Electrical Power 




Cryogenic Radiometer Uncertainties 

Getting the light in 



 

Radiometry is Hard 


1.3 x 10-4 

Quinn & 
Martin 85 



 

 

 

 

 

 

 

Opportunity: Closer Ties 


• Reaching downwards to photon counting levels 

• Cryogenic radiometers 

• Transfers from Cryogenic radiometers 

• Source standards 

• Reaching upwards to cryogenic radiometry levels 

•	 Single photon sources-

countable single photon generation rates 

•	 Single photon detectors-

countable single photon detection rates 
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Extending Source Dynamic Range Downward 


Synchrotron linearity through 
high dynamic range e- beam current 

11-Decade Dynamic Range achieved 

Radiant intensity uncertainty 0.03%* 

*Not including: Window transmittance, bandwidth 

Irradiance uncertainty 0.36%
Appl. Opt. 46 25(2007) 

Source linearity through 
high dynamic range Optical Density 

OD=10 transmittance uncertainty=few % 



  

 

  

Extending Detector Dynamic Range Downward 

Si photodiode & amplifier 

Noise= 800 photons/sec 
with 400 s measurement times 

Appl. Opt. 30 3091(1991) 

Opt. Expr. 19 20347(2011) 
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Measurement Time (sec) 

10-5 V @ gain 10 = 1 fA 
=8950 photons/s 

2x10-6 V @ gain 10 = 0.2 fA= 1790 photons/sec 

Si Trap Detector:  
3x105photons/s ±0.2% in 300s 
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photon 

noise 


9000 photon/s 

1800 photon/s 

Trap:  



 
 

 

 

 
 

 

 
 

 

Extending Cryogenic Radiometer 

Dynamic Range Downward 


• Typical Cryo Radiometer-
– max power 1 mW 
– Noise 3 nW 
– Absolute accuracy 0.005% 

• NIST pW-ACR (Carter et al. Metrologia 2009) 

– Temp sensor: noncontact TES magnetization 
– Max power 20 nW 
– Noise1 fW 
– Absolute accuracy 0.1% 

• Fiber radiometer 
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Optical power [W] Nathan Thomlin 
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absorber 

Fully Lithographic Fiber-coupled 
Cryogenic Radiometer for 
Picowatt Powers 

0.43 mm Nathan Thomlin 



Throwing Single Photon Tools 

at the Problem 




 

  

 

 
OPTIC AXIS 

Creating light two photons at a time 


Optical Parametric Downconversion� 
One in - two out� 
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Two-photon light 
•	 χ(2) parametric down-conversion 

One photon in – two photons out 
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λ�λ�

Calc. 

PDC displaying its own 
phase matching curve 

QuickTime™ and a
 decompressor

are needed to see this picture.
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Quantum 
Efficiency

COUNTER

N

Detector to be Calibrated

Trigger or “Herald” Detector
N1=η1N N2=η2N NC=η1η2N

η1=NC/N2

Two-Photon Detector Efficiency Metrology
No External Standards Needed!



Radiometric Standards 

Blackbody 
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DUT

Trigger

Verifying the Method
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Sources of uncertainty: 
 

  

 DUT Collection Efficiencies  
  Spatial  
  Angular  
  Spectral  
  … 
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Turning Two-Photon Method  
into Metrology  

 Trigger counting  
 Coincidence determination  



lens transmittance summary 03/30/04
25 mm Thorlab B coat lenses AC127 - 025B

0.976
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set number (6 measurements in each set), 6 = fit to all four data sets

0.036%

0.0045%

0.0053%

0.017%

Rel. Stdev.

L
en

s 
T

ra
ns

m
itt

an
ce

Run #

One Detail: Lens transmittance 
 

Laser

Trap Detector
0.005% spatial uniformity

Monitor detector
allows <0.01% stability

2 lenses measured as a unit

Coinc.

DUT

Trigger

geometric

Coinc.

DUT

Trigger

reflection

absorption

Coinc.

Trigger

Appl. Opt. 46, 5396 (2007)  

J. Cheung, NPL 

Single detector uniformity =0.2% 

σ≈0.02% 

6 measurements of 4 lenses 



Another detail: 
Spatial distribution of correlated photons 

  (are we missing any?) 

Spatial scan of correlated photon beam 

horizontal position, x0.5mm
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Histogram and its Details 

Main correlation peak 

Afterpulse peak 

??? 

Trigger arm-induced correlations: 
  -Fiber back reflection 
  -Trigger afterpulsing 
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Signal and Background 
(we can model it) 
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Correlated photon calibration method uncertainty budget 

Physical property Value 

Relative 
uncertainty 
of value 
(%) Sensitivity 

Relative  
uncertainty  
of DE 
  (%) 

Crystal reflectance 0.09249 0.2% 0.1 0.02% 

Crystal transmittance 0.99996 0.009% 1 0.009% 

Lens transmittance 0.97544 0.0027% 1 0.0027% 

Geometric collection (raster scan) 0.9995 0.05% 1 0.05% 

DUT filter transmittance 0.9136 0.1% 1 0.10% 

Trigger bandpass to virtual bandpass/
wavelength 0.07% 

Histogram background subtraction 0.03% 

Coincidence circuit correction 0.0083 10.0% 0.008 0.084% 

Counting statistics 0.08% 

Deadtime (due to rate changes with time) 0.02% 

Trigger afterpulsing 0.0025 25.0% 0.003 0.06% 

Trigger background, & statistics 175000 0.3% 0.035 0.01% 

Trigger signal due to uncorrelated photons 0 0.07% 1 0.07% 

Trigger signal due to fiber back reflection 0.00202 1.60% 0.002 0.003% 

Total 0.18% 

Crystal reflectance 0.09249 0.2% 0.1 0.02%

Crystal transmittance 0.99996 0.009% 1 0.009%

Lens transmittance 0.97544 0.0027% 1 0.0027%

Geometric collection (raster scan) 0.9995 0.05% 1 0.05%

DUT filter transmittance 0.9136 0.1% 1 0.10%

Trigger bandpass to virtual bandpass/
wavelength 0.07%

Histogram background subtraction 0.03%

Coincidence circuit correction 0.0083 10.0% 0.008 0.084%

Counting statistics 0.08%

Deadtime (due to rate changes with time) 0.02%

Trigger afterpulsing 0.0025 25.0% 0.003 0.06%

Trigger background, & statistics 175000 0.3% 0.035 0.01%

Trigger signal due to uncorrelated photons 0 0.07% 1 0.07%

Trigger signal due to fiber back reflection 0.00202 1.60% 0.002 0.003%
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DUT

Trigger

Verifying the Method
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Another detail:  
  the two methods  
  measure different  
  physical quantities! 



Detector substitution calibration uncertainty budget 
 

Physical property Value 

Relative 
uncertainty 
of value 
(%) Sensitivity 

Relative  
uncertainty  
of DE 
   (%) 

Analog transfer standard calibration 
(QE equivalent) 0.61906 0.10% 1 0.10% 

Spatial nonuniformity at 700nm, 
(standard deviation of central responsivity) 1 0.025% 1 0.025% 

Analog measurement statistics & drift 0.06% 

Analog amplifier gain calibration 1.0022 0.050% 1 0.05% 

Pinhole backside reflection 0 0.1% 1 0.10% 

DUT signal & background statistics 0.003% 

DUT afterpulsing 0.00322 11.6% 0.003 0.04% 

DUT deadtime (due to rate changes with time) 0.02% 

Total Uncertainty 0.17% 

Analog transfer standard calibration
(QE equivalent) 0.61906 0.10% 1 0.10%

DUT afterpulsing 0.00322 11.6% 0.003 0.04%

Spatial nonuniformity at 700nm,
(standard deviation of central responsivity) 1 0.025% 1 0.025%

Analog measurement statistics & drift 0.06%

Analog amplifier gain calibration 1.0022 0.050% 1 0.05%

Pinhole backside reflection 0 0.1% 1 0.10%

DUT signal & background statistics 0.003%

DUT deadtime (due to rate changes with time) 0.02%



Agreement Between Methods  
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Comparison/Results 
•  NIST implementation of High Accuracy SPD Calibration methods 

•  Uncertainty of each individual comparison: 
0.25% 

•  Overall mean difference between the two methods: 
  0.15%±±0.14%     (η sub. > η 2-photon)  

 
Highest accuracy verification of the 2-photon method yet achieved  

Method Absolute uncertainty 
Two-photon 0.18% 
Substitution 0.17% 



2-Photon Metrology Progress 

Year 1st author 
Uncertainty of 

External Comparison Method Verification 
1970 Burnham ~35% Calibrated lamp 
1981 Malygin - 
1986 Bowman ~10% 
1987 Rarity ~10%   HeNe + attenuation 
1991 Penin > 3% 
1993 Ginzburg ~10%   Published values 
1994 Kwiat  ~3% 
1995 Migdall < 2% 1% Calibrated Si Detector 
2000 Brida     ~0.5% 2% Calibrated Si Detector 
2005 Ghazi-Bellouati 1.1, 0.62% 6.8% French cryoradiometer 
2006 Wu      2.1% 
2007 Polyakov        0.18%   0.15% Calibrated Si Detector 
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Beyond Detection Efficiency 
•  Quantum Statistics for Detection Efficiency 

–  Zeldovich and Klyshko, Field Statistics In Parametric 
Luminescence, Sov. Phys. JETP Lett. 9, 40-43 (1969) 

–  Mogilevtsev, Calibration of single-photon detectors using 
quantum statistics, PRA 82 021807(2010) 

–  Worsley, et al. Absolute Efficiency estimation of photon-number-
resolving detectors using twin beams, Opt. Expr. 17 4397(2009) 

•  Full Quantum Description of Detector 
–  POVM reconstruction – Brida et al. 



Beyond Detection Efficiency 
•  Original concept proposal:  
          N-photon bipartite state correlation 

“… can be regarded as an example of a system at whose output there are 
generated (in direction n) states with a definite number of quanta.  
We know of no other proposed system (even hypothetical) for this purpose.” 

DUT:  
     2-detector tree  
 
Tomographer: 
     non-PNR SPAD 

Genovese, Degiovanni, Brida, Ciavarella, Mingolia, Paris, Piacentini INRIM & Polyakov, AM 

•  POVM reconstruction 



Pushing the limits of  
Single Photon Counting and  
Photon Number Resolution 

•  and our capability to measure it 



Transition Edge Sensor (TES) Microbolometer 

Absorber, C 

Thermometer 

Weak thermal link, g 

Thermal sink 
(50 mK) 

Energy 
deposition 

T 

R Rn 

S. Nam

It  Can Really Count Photons 

•  Optimized now for photon-number resolution, not 
 speed (τrise~100 ns, τfall~1 μs) 

•  Absorption events show good distinguishability 
•  Much slower than APDs 

Energy Resolution = 2x10-20 J !

Wavelength Efficiency
  1550 nm      ~ 95%
    800 nm      ~ 99%

Photon #
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Transition Edge Sensor: pushing the limits 
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27th June 2011 SPW2011   Thomas Gerrits  
 



Beyond Single Photon Counting 
Temporal Traces 
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Results so far: 

Shot noise 

Number  
Resolution 
 
95% certain 
@ n=23 

Gerrits 
Nam 
Calkins 
Tomlin 
Lita 
Mirin 
Levine 

Measured 100 photons  
with 3 photons uncertainty 
and 94 % quantum efficiency 



Source Metrology 
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Chaotic, Pseudo-Thermal Source 

Fast 
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CW Diode Laser 
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g(2)(0) = 2      g(n)(0,0,…0) = n! 
g(3)(0,0) = 6    g(4)(0,0,0) = 24 

Marty Stevens 
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g(2)(0) = 2      g(n)(0,0,…0) = n! 
g(3)(0,0) = 6    g(4)(0,0,0) = 24 ND 

Multiple 
detectors 
allows t=0 
measurements 

Marty Stevens 
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Higher-Order Coherence 
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Higher-Order Coherence 
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Expected Result Expected Result 

g(2) 1 1.0018 ± 0.0008 2 1.99 ± 0.02 

g(3) 1 1.006 ± 0.002 6 5.9 ± 0.2 

g(4) 1 1.011 ± 0.005 24 23 ± 2 

Coherent (Avg) 

Coherent Source 
(Laser) 

Chaotic 
Source g(4) 

g(3) g(2) 

Chaotic (All τi = 0) 



3rd-Order:  Chaotic Source 
g(3)(0,0) = 5.87±0.17 

Ridges: 
g(3) ≈ 2 

Uncorrelated: 
g(3) ≈ 1 

Data 
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3rd-Order:  Chaotic Source 
g(3)(0,0) = 6 

Ridges: 
g(3) = 2 

Uncorrelated: 
g(3) = 1 

Theory 

Calculation assumes ideal Gaussian scattering process: 
P.-A. Lemieux and D. J. Durian, JOSA A 16, 1651 (1999) 



3rd-Order:  Coherent Source 
Data 

Mean value:  <g(3)> = 1.006 ± 0.002 
→ Precision measurement of weak cross-correlation 



ττ3 = -5 μs 
τ3 = -3 μs 

2 at one time, 2 at 
another time g(4) ≈ 4 

All 4 at different times 
g(4) ≈ 1 

τ3 = -1 μs 
τ3 = 0 

All 4 at once: g(4)

(0,0,0) = 23.1±1.8 

τ3 = +1 μs 

τ3 = +3 μs 

τ3 = +5 μs 

2 Elements fire simultaneously 
g(4) ≈ 2 

3 at once 
g(4) ≈ 6 

4th-Order:  Chaotic Source 



Single-Photon Metrology 
•  Detection Efficiency Status: 0.1% uncertainty 
•  Beyond single parameter characterization: POVM 
•  Single Photon Detection reaching upwards: 

–  TES: 20 to 1000 to 106 

–  Max count rates to 109 

•  Single Photon Sources reaching upwards: 109 /s 
•  Conventional radiometry reaching downwards: 

–  1000 photons/s 

•  Single Photon radiometry: holds promise of 
moving radiometry to counting problem 

•  Efficiencies remain an issue 


